Objective: Although insulin resistance in obesity is established, information on insulin action on lipid fluxes, in morbid obesity, is limited. This study was undertaken in morbidly obese women to investigate insulin action on triacylglycerol fluxes and lipolysis across adipose tissue. Subjects and Design: A meal was given to 26 obese (age 35±1years, body mass index 46±1 kg m -2 ) and 11 non-obese women (age 38 ± 2years, body mass index 24 ± 1 kg m -2 ). Plasma samples for glucose, insulin, triglycerides and non-esterified fatty acids (NEFAs) were taken for 360 min from a vein draining the abdominal subcutaneous adipose tissue and from the radial artery. Adipose tissue blood flow was measured with 133 Xe. Results: In obese vs non-obese: (1) Arterial glucose was similar, but insulin was increased (P ¼ 0.0001). (2) Adipose tissue blood flow was decreased (P ¼ 0.0001). (3) Arterial triglycerides (P ¼ 0.0001) and NEFAs (P ¼ 0.01) were increased. (4) Lipoprotein lipase was decreased (P ¼ 0.0009), although the arteriovenous triglyceride differences were similar. (5) Veno-arterial NEFA differences across the adipose tissue were similar. (6) NEFA fluxes and hormone-sensitive lipase-derived glycerol output from 100 g adipose tissue were not different. (7) Total adipose tissue NEFA release was increased (P ¼ 0.02). Conclusions: In morbid obesity: (a) hypertriglycerinemia could be attributed to a defect in the postprandial dynamic adjustment of triglyceride clearance across the adipose tissue, partly caused by blunted BF; and (b) postprandially, there is an impairment of adipose tissue to buffer NEFA excess, despite hyperinsulinemia.
Introduction
Although whole body insulin resistance in obesity is well established, 1-3 information on insulin action on lipid fluxes across adipose tissue, in vivo, in morbid obesity is limited. Adipose tissue has a crucial role buffering the daily influx of dietary fat in the postprandial period, suppressing the release of non-esterified fatty acids (NEFAs) into the circulation and increasing the triacylglycerol clearance. 4 Previous studies 5 have shown that the plasma concentration and rate of appearance of fatty acids are reduced by insulin less rapidly in obese subjects than in those of normal body weight. In contrast, in recent studies 6, 7 examining adipocytes isolated from obese insulin-resistant subjects in vitro under fasting conditions, hormone-sensitive lipase (HSL) and adipose triglyceride lipase protein expression has been found to be decreased, suggesting decreased lipolysis. It has been previously reported that in morbid obesity the sensitivity of glucose metabolism to insulin is impaired in adipose tissue, partly because of decreased blood flow, whereas increased total fat mass provides a sink for the excess of glucose and compensates for insulin resistance. 8, 9 However, information on the relative contribution of adipose tissue blood flow and expanded fat mass to lipid metabolism in morbid obesity is limited.
Our study was undertaken to test the hypothesis that the impaired insulin action on lipolysis observed in many studies in moderately obese subjects is also observed in morbid obesity and to investigate the relative contribution of adipose tissue blood flow and expanded fat mass on triacylglycerol fluxes and lipolysis rates across the abdominal subcutaneous adipose tissue. This was performed after the consumption of a mixed meal, so as to create a metabolic environment, permitting the interaction of insulin and substrates to be investigated under conditions as close to physiological as possible.
Subjects and methods

Subjects
Twenty-six obese (OB), nondiabetic women (age 35±1years, body mass index 46±1 kg m -2 ) were studied and compared with 11 non-obese (NOB) women (age 38 ± 2years, body mass index 24 ± 1 kg m -2 ). Total fat mass, assessed by bioelectric impedance, 10 was more than fourfold increased in OB (64 ± 4 kg) vs NOB (15 ± 2 kg, P ¼ 0.0001). Waist circumference and waist-to-hip ratio were increased in OB (122±3 cm and 0.8±0.02, respectively) vs NOB (77±2 cm, P ¼ 0.0001 and 0.7 ± 0.01, P ¼ 0.02, respectively). The subjects were healthy, not taking any medications before or during the study, and their diet and body weight had not changed during the last 6 months.
All subjects were previously submitted to an oral glucose tolerance test and had fasting glucose values o5.5 mM and 120 min postglucose valueso7.78 mM.
A previous report examining the rates of glucose uptake in the adipose tissue 9 has contained some results from glucose, insulin and adipose tissue blood flow rates of the subjects. These data are also presented here to establish the glycemic status of the subjects and to underline insulin resistance. The study was approved by the hospital ethics committee, and subjects gave informed consent.
Experimental protocol
All subjects were admitted to the hospital at 0700 h after an overnight fast and had the radial artery (A) and the superficial epigastric vein (V) catheterized. 11 Areas under the curves (AUCs) were calculated by the trapezoid rule from the start of the meal to 360 min (AUC 0-360 ).
The net release of NEFAs from the adipose tissue was calculated as (VÀA) NEFA and multiplied by blood flow to give absolute values.
Reesterification of NEFAs within the adipose tissue was calculated as follows: 3((VÀA) glycerol *(blood flow))À ((VÀA) NEFA *(blood flow)).
Triglyceride clearance across the adipose tissue was calculated as: ((AÀV) triglycerides *(blood flow)/A triglycerides ).
The relative rate of lipoprotein lipase (LPL) activity was calculated by triglyceride flux across the adipose tissue: LPL ¼ (AÀV) triglycerides *(blood flow). The difference between total glycerol output and LPL-derived glycerol output is taken to be the output of glycerol by HSL activity: HSL ¼ ((VÀA) glycerol *(blood flow))ÀLPL (expressed in glycerol concentration units).
Statistical analysis
Results are presented as mean±s.e.m. All variables studied were normally distributed. Differences within groups were tested with non-paired Student's t-test. All statistical calculations were performed in SPSS (version 12; SPSS Inc., Chicago, IL, USA).
Results
Arterial levels of hormones and metabolites Plasma insulin levels were higher in OB vs NOB (23 495 ± 1761 vs 10 223 ± 612 mU l -1 *min, P ¼ 0.0001), whereas plasma glucose levels were similar (AUC 0À360min 2130±60 vs 2053±38 mM*min).
Homeostasis model assessment index was increased in OB (3.8±0.5) compared with NOB (1.02±0.1, P ¼ 0.001) suggesting insulin resistance.
Postprandial plasma triglycerides increased steadily in both groups and by 240 min reached values 1.5-to 2-fold higher than their fasting levels; in OB, these levels were all higher than those of NOB, resulting in increased total plasma triglyceride levels (Figure 1a) .
Fasting plasma NEFA levels were not different between the two groups. Postprandial values in plasma NEFAs showed a similar pattern in both groups: their levels decreased within 60-90 min, remained suppressed until 240 min, and then gradually returned to baseline. After the meal, plasma NEFA levels were suppressed less in our obese group, resulting in increased total plasma NEFA levels in OB vs NOB (Figure 2a ).
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Blood flow
Adipose tissue blood flow levels were decreased in OB vs NOB (AUC 0-360 648±55 vs 1319±96 ml per 100 g tissue, P ¼ 0.0001).
Lipid fluxes
Adipose tissue LPL activity was markedly increased after the meal in NOB (Figure 1b) , whereas the arteriovenous differences of triglycerides across the adipose tissue were not different between the two groups (AUC 0-360 13 ± 3 vs 20 ± 4 mmol l -1 *min in OB and NOB, respectively).
Triglyceride clearance across the adipose tissue increased postprandially in NOB, whereas in OB it remained blunted, resulting in decreased levels in OB vs NOB (Figure 1c) .
Both NEFA fluxes (Figure 2b ) and HSL-derived glycerol output (Figure 2c ) per 100 g of adipose tissue were not significantly different between the two groups; these differences remained nonsignificant after normalization with total body mass (P ¼ 0.1 and P ¼ 0.2 before and after normalization for NEFA fluxes and P ¼ 0.6 and P ¼ 0.7 before and after normalization for HSL). Veno-arterial differences of circulating NEFAs were also similar in OB vs NOB (AUC 0-360 26±3 vs 22±6 mmol l -1 *min). 
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When the net release of NEFAs from the adipose tissue was multiplied by adipose tissue total mass, and expressed as per total fat mass, total adipose tissue NEFA flux was increased in OB vs NOB (AUC 0-360 31±6 vs 10±3 mmol, P ¼ 0.02).
Adipose tissue NEFA reesterification rates were decreased in OB vs NOB (AUC 0-360 72 ± 11 vs 155 ± 36 mmol per 100 g tissue, P ¼ 0.007).
Discussion
The buffering of fatty acids by insulin is mainly regulated by the suppression of lipolysis and NEFA release from the adipose tissue through a decrease in the activity of HSL and adipose triglyceride lipase, 4, 14 and the increase of triglyceride clearance through an increase in the activity of LPL. 4 Recently, it has been recognized 6 that HSL is the major lipase catalyzing the rate-limiting step in stimulating lipolysis, whereas adipose triglyceride lipase mainly participates in basal lipolysis. In our study, plasma triglyceride levels were elevated in the fasting state and continued to rise after the meal in the obese group, suggesting a lower triglyceride turnover. Our results show that the increase in plasma triglycerides in OB was secondary to a decreased rate of removal by the adipose tissue because of decreased LPL activity, despite hyperinsulinemia. However, the arteriovenous differences of triglycerides across the adipose tissue were similar in the two groups, suggesting that the low LPL activity (estimated by the triglyceride flux across the adipose tissue) in the obese group could be accounted for, at least in part, by decreased blood flow rates.
Fasting plasma NEFA levels were not increased in our obese group, although the difference in adipose tissue mass was increased almost fourfold, confirming previous observations in grossly obese subjects with acanthosis nigricans. 15 After the meal, plasma NEFA levels were suppressed less in our obese group. As a result, plasma NEFA levels for the whole 6-h period were increased in obese subjects, although the degree of elevation was not proportional to the increase in fat mass. Lipid fluxes have been previously examined by the arteriovenous difference technique in a study performed in moderately obese men; 5 this study showed impaired suppression of HSL, resulting in abnormal NEFA release per 100 g of adipose tissue. These results are, however, difficult to interpret, as the obese group was heterogeneous (including patients with diabetes). Moreover, the subjects were on a calorie-restricted diet, which is expected to interfere with lipolysis. In our study, although plasma NEFA levels were increased in the obese subjects, the rates of NEFA fluxes and HSLderived glycerol output per 100 g of adipose tissue were not different between the two groups, raising a question regarding the origin of the excess of the circulating NEFA levels.
The possibility that decreased adipose tissue blood flow was responsible for the 'relatively low' NEFA flux was unlikely as the arteriovenous differences of NEFA across the adipose tissue were similar between the two groups.
To examine the possibility that plasma NEFA increases could be accounted for by the expanded adipose tissue mass, we calculated total adipose tissue NEFA flux. This was increased in the obese group, suggesting that the increased circulating NEFA levels could be explained by the excess of fat mass in morbid obesity.
LPL in the adipose tissue capillaries generates a surplus of fatty acids, a proportion of which will be taken up by adipocytes for reesterification and storage as triacylglycerol. 4 A proportion of the LPL-generated fatty acids, however, always enters the plasma as NEFA. 4 Total arterial plasma NEFA levels are composed of both the rate of appearance of NEFAs derived from tissue stores and of NEFAs appearing from intravascularly hydrolyzed triglycerides that escape from tissue uptake. In our study, adipose tissue NEFA reesterification rates were decreased in the obese group. The arteriovenous difference technique cannot identify whether NEFAs originate from circulating or from intracellular triglycerides, and therefore these reesterification values reflect both intracellular and intravascular lipolysis and reesterification. 5 As a result, although not investigated in our study, the possibility that increased plasma NEFA levels and decreased reesterification rates could be attributed to a defect in the adipocyte uptake of fatty acids liberated from plasma triacylglycerol by LPL, cannot be excluded. This is supported by studies in moderately obese subjects using the euglycemic clamp technique under non-equilibrium tracer conditions, suggesting that impaired insulin-induced suppression of the rate of appearance of NEFAs could be attributable to an enhanced escape of NEFA uptake after intravascular triglyceride hydrolysis. 16 Although the arteriovenous difference technique has allowed insights into the metabolic fluxes across the adipose tissue, the limitations should be born in mind when considering the results. It should be recalled that some of the calculations shown in our study depend on measurement of several parameters that are then multiplied together (along with their errors). 5 For instance, although our study shows that there is no effect of obesity status on NEFA flux levels (per 100 g of adipose tissue) and on HSL-derived glycerol output, there is a significant amount of variability in the data (a-posterior calculated statistical power B40%) and a type II error cannot be excluded. Moreover, LPL and HSL activities, calculated using clearance measurements of triglycerides and glycerol, are less precise and give less information regarding the source of glycerol than tracer studies. In addition, morbid obesity poses challenges to the measurement of body composition. Although bioelectrical impedance analysis is popular because of its non-invasiveness, portability, safety and low cost, several factors limit its use as a valid predictor of the amount of body fat in morbidly obese individuals. One is the assumption of a constant Lipid fluxes in morbid obesity P Mitrou et al hydration factor. Furthermore, body geometry is different in the severely obese state, for which the amount of body fat generally will be underestimated. 17 A similar test meal was provided to obese and non-obese subjects. Although for the obese subjects this meal represented a lower intake per gram of adipose tissue than for the non-obese subjects, the obese subjects had increased postprandial insulin and triglyceride arterial plasma levels. These data suggest that the response of the obese group observed in our study was not due to a relatively smaller meal.
In conclusion, our study showed that in morbid obesity: (a) hypertriglyceridemia could be attributed to a defect in the postprandial dynamic adjustment of triglyceride clearance across the adipose tissue, partly caused by blunted adipose tissue blood flow, (b) postprandially, there is an impairment of the normal ability of adipose tissue to buffer fatty acids excess, despite hyperinsulinemia.
